Genomic instability can manifest due to both chromosomal rearrangements and gain and loss of entire chromosomes. One mechanism by which a carcinogen acts is by increasing the rate of mitotic spindle defects during proliferation. These defects can lead to chromosomal instability that manifest as lagging chromosomes, anaphase bridges, or multipolar spindles. While several mechanisms exist to rectify these errors prior to completion of mitosis, some cells will escape repair, while others will prematurely exit mitosis. Here we examine the effects of two carcinogenic molecules: Fulvestrant, a chemotherapeutic that functions as a selective estrogen receptor degrader, and vinyl chloride, a hydrocarbon used to produce PVC. We exposed two cancer lines, A549 and UPCI:SCC103, and one noncancer line, GM03349, to increasing concentrations of the carcinogen for increasing durations, up to 48 hours exposure. We found that exposure to the carcinogen lowered the mitotic index in the cancer cell lines, while raising it in the noncancer line. Concurrently, we observed massive increases in the frequency of mitotic defects, with the most significant increases seen in prevalence of lagging chromosomes in prometaphase and metaphase and anaphase bridges. Live cell imaging showed that the occurrence of either of these defects had the strongest correlation with the likelihood that the cell would fail to complete mitosis. We also show that washing out the carcinogen decreases the frequency of mitotic defects in all three cell lines, but the mitotic index does not recover in the cancer cells. These findings demonstrate that carcinogen-induced mitotic defects have marked effects on the proliferative population of cells in terms of potential for contributing to chromosomal instability or removal from that population.
153 Cells were passaged using trypsin-EDTA (0.25% trypsin for A549 and GM03349, 0.05% trypsin 154 for UPCI:SCC103) when the cells were no greater than 85% confluent. 169 156.2 µl of 2 mg/ml Vinyl Chloride (Restek, CAT#30089, Bellefonte, PA) was diluted into 50 170 ml of cell culture media to make a 100 µM stock solution, which was then diluted in the 171 appropriate growth medium for each cell line to generate 5 µM, 10 µM, 20 µM, and 50 µM 172 solutions. Coverslips were seeded for each cell line and allowed to grow normally for 24 hours.
173 The media was then removed and replaced with a specific concentration of carcinogen-174 containing media. This media was left on for 24, 36, or 48 hours before coverslips were fixed 175 and slides prepared. 
294
In UPCI:SCC103 cells, we saw a stronger effect at all timepoints. At 24 hours, when 295 compared to untreated cells there was a not-quite statistically significant decrease in mitotic 296 index after treatment with 10 μM vinyl chloride (p=0.0759), but statistically significant decreases 297 at 20 μM (p=0.0491) and 50 μM (p=0.0193; Figure 2D ). At 36 hours exposure, all three 298 concentrations of vinyl chloride produced statistically significant decreases in mitotic index (10 299 μM, p=0.049; 20 μM, p=0.0226; 50 μM, p=0.004; Figure 2E ), and this was also seen to an even 300 greater degree at 48 hours, with each condition exhibiting mitotic indices reduced by at least one 301 third when compared to untreated cells ( Figure 2F ). (Table 1) . At 36 hours, the frequency of defect was approximately 334 the same for cells treated with 10 μM Fulvestrant, but increased somewhat for 20 μM treatment; 335 50 μM Fulvestrant treatment led to an even greater increase, with over half of all mitotic cells 336 now exhibiting a defect ( Figure 3F ). As with 24 hours of exposure, the presence of lagging 337 chromosomes in prometaphase/anaphase were considerably higher, but we saw a decrease in the 338 frequency of anaphase bridges at 50 μM Fulvestrant to below that observed in untreated cells.
339 Additionally, the frequency of multipolar spindles rose two-fold (10 μM and 20 μM) to four-fold 340 (50 μM) compared to untreated cells (Table 1) . After 48 hours exposure, we saw another increase 341 in the frequency of defect, with over 40% (10 μM) or over 50% (20 μM and 50 μM) of mitotics 342 possessing defects ( Figure 3G ; Table 1 ). Our observations at 48 hours mirrored those at 36 343 hours: we saw highly-elevated frequencies of mitotic defect ( Figure 3G 352 Table 1 ). When we exposed these cells to Fulvestrant for 24 hours, however, the increase in (Table 1) . After 48 hours of treatment, the frequency of mitotic defect for all three concentrations 368 of Fulvestrant was just under 60%, demonstrating no change from cells scored after 36 hours of 369 exposure, but being vastly elevated compared to untreated cells ( Figure 3G) . Similarly, the 370 frequencies of lagging chromosomes in prometaphase/metaphase, anaphase bridges and 371 multipolar spindles remained elevated, falling between 13 and 20% for each of the specific 372 conditions at each of the three concentrations. Lagging chromosomes in anaphase were far 373 fewer, showing no statistically-significant difference from untreated cells (Table 1) .
374
As a noncancer line, we expected GM03349 cells to show a very low level of mitotic 375 defects, and indeed untreated cells exhibited defects in only 5% of their mitotic population, with 376 multipolar spindles accounting for ~2.5% of those, anaphase bridges accounting for ~1.5%, 377 lagging chromsomes in prometaphase/metaphase ~1%, and lagging chromosomes in anaphase 378 less than 0.5% ( Figure 3E ; Table 1 ). As with our two cancer cell lines, 24 hours of treatment 379 with Fulvestrant led to a large increase in the number of defects in the GM03349 mitotic 380 population, rising between three-and five-fold in frequency ( Figure 3E ). All four scored defects 381 were affected, with large increases in lagging chromosomes in prometaphase/metaphase and 382 anaphase bridges once again. Multipolar spindle frequencies increased at concentrations of 20 383 μM and 50 μM and lagging chromosomes in anaphase also increased at all three concentrations, 384 particularly at 50 μM, rising to over 6% of all mitotic cells (Table 1) . At 36 and 48 hours, there 385 was an even greater prevalence of mitotic defects in the population ( Figure 3F-G As with Fulvestrant, we wanted to see the effect of vinyl chloride on the incidence of 402 mitotic defects and the prevalence of each type of defect within the population. We followed the 403 same procedure as described for Fulvestrant, using the same scoring criteria. Each condition was 412 When we counted the specific ratio of defects, at 24 hours, we saw an approximately five-fold 413 increase in the frequency of lagging chromosomes in prometaphase/metaphase at all 414 concentrations, a doubling in the frequency of anaphase bridges, but no increase in the number of 415 mitotic cells with lagging chromosomes in anaphase or that exhibited multipolar spindles (Table   416 2). At 36 hours, we observed a slight increase in the frequency of prometaphase/metaphase 417 lagging chromosomes and anaphase bridges beyond the 24 hour timepoint, but we did see at 50
418 μM vinyl chloride a statistically-significant increase in the number of multipolar spindles within 419 the population as well as a not-quite statistically significant increase in multipolarity at 10 μM.
420 The frequency of lagging chromosomes in anaphase showed a slight reduction from untreated 421 cells with all three concentrations of vinyl chloride (Table 2 ). Cells fixed after 48 hours 422 continued the trend observed at 36 hours with regards to prometaphase/metaphase lagging 423 chromosomes and anaphase bridges: a moderate increase over the previous timepoint. For 424 multipolar spindles, we observed a significant increase in frequency for all three concentrations, 425 with 10% of mitotic cells being multipolar when they were treated with 50 μM vinyl chloride.
426 The frequency of lagging chromosomes in anaphase also slightly decreased again (Table 2) .
427
As with Fulvestrant treatment, exposure to vinyl chloride strongly increased the 428 frequency of mitotic defects in UPCI:SCC103 cells. Similar to our observations with A549 cells, 429 the frequency of defects in the population rose at each consecutive timepoint when compared to 430 controls for all three concentrations of the carcinogen used ( Figure 3H-J) . The frequency of 431 specific defects also followed the general patterns we have described. Lagging chromosomes in 432 prometaphase/metaphase increased twofold after 24 hours at any concentration of vinyl chloride 433 used, and threefold at the 36 and 48 hour timepoints. Anaphase bridges also increased steadily at 434 each timepoint, three-fold to four-fold at 24 hours, four-fold to five-fold at 36 hours, and five-435 fold to nearly seven-fold at 48 hours, with 10 μM vinyl chloride generating the lower end of the 436 range and 50 μM generating the upper end of the frequencies (Table 2 ). We also observed that 437 multipolar spindles increased at all times and under all concentrations, with the greatest increases 438 seen for each concentration after 48 hours, and for each timepoint, the 50 μM vinyl chloride 439 treated sample exhibiting the most multipolar spindles (Table 2) . For lagging chromosomes in 440 anaphase, we saw no real change under most of the conditions observed, the only conditions 441 under which a statistically significant difference was noted was after 36 hours of treatment with 442 20 μM vinyl chloride and 48 hours treatment at a 10 μM concentration (Table 2 ). (Table 2 ). We also saw that multipolar spindles increased in frequency: cells fixed 451 after 24 hours showed an increase when treated with 50 μM vinyl chloride, but not 10 μM or 20 452 μM; however, with 36 and 48 hours of exposure, all three concentrations generated significant 453 increases in the frequency of multipolarity (Table 2) . Anaphase lagging chromosome frequency 454 also generally rose with the increase in exposure time and concentration: only 10 μM treatment 455 for 24 and 48 hours as well as 50 μM treatment for 48 hours failed to exhibit significant 456 increases in their prevalence (Table 2) . 
516
When we scored defect frequencies in our cell lines, we observed the same trend in all 517 three cell lines. As before, we observed a large increase in defect frequency after 24 hours of 518 treatment with 20 μM vinyl chloride, but then observed a steady decline in the frequency of 519 defect and by 96 hours post washout, the number of defects observed was at or near baseline 520 (untreated) frequencies (Figure 6 ). Individual defect frequencies also returned to normal or near-521 normal frequencies as the timecourse progressed (Table 3) . 
556
When we looked at individual mitotic defect frequencies we saw a number of patterns 557 that were consistent across all three cell lines and with either carcinogen (Table 1, Table 2 ).
558 Prometaphase/metaphase lagging chromosomes increased in frequency at each subsequent 559 timepoint, and higher concentrations of carcinogen yielded greater numbers of lagging 560 chromosomes prior to anaphase. We also saw a similar pattern with anaphase bridges: all three 561 cell lines showed a large increase after 24 hours of exposure that increased further at the later 562 timepoints. These two mitotic defects accounted for the majority of those induced by carcinogen Mitotic defect frequency after treatment with 20 μM vinyl chloride followed by washout.
A549, UPCI:SCC103 and GM03349 cells were treated with 20 μM vinyl chloride for 24 hours before washout with fresh media. Cells were fixed at 0, 24, 48, 72, and 96 hours postwashout and stained with DAPI. Mitotic cells were scored for each type of mitotic defects.
Numbers represent mean ± standard deviation for counts from six independent trials.
